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IMPACT FLASH AT LOW AMBIENT PRESSUFBS 

By Robert W. MacCormack 

/ 6  / / g  
The initial rate of increase of the luminosity produced by 1/8-inch- 

diameter aluminum spheres impacting aluminum targets at a nominal velocity of 
2.5 km/sec in air at pressures from 4~10-~ to 2 x l O - l  torr (mm of Hg) was found 
to vary approximately as the l/3 power of ambient pressure. Radiation pro- 
duced solely by the cratering mechanism did not contribute significantly to 
the observed variation of impact flash. Luminosity produced by the interac- 
tion with the atmosphere of ejecta of particle radii greater than 
at velocities from 8 to 16 km/sec is consistent with the observed flash. 
impact flash of the present tests is thus primarily if not completely an 
atmospheric phenomenon. 

cm and 
The 

At the low ambient pressures of the present tests, spectral lines and 
bands characteristic of the target and projectile material have been identi- 
fied in impacts of aliminum projectiles into the following targets: (a) alumi- 
nun, (b) aluminum coated with sodium silicate, and (c) solid basalt rock. At 
a higher atmospheric pressure of 400 torr, spectra of impact flash produced in 
air differed significantly from that produced in nitrogen. A@=’ LLlL 

INTRODUCTION 

In the laboratory, a flash of light is generally seen to accompany hyper- 
velocity impact. The principal features of this flash are the elements of 
light emanating from the point of impact. The flash may be studied to deter- 
mine characteristics of the impact phenomenon. 

Early work in this field has been conducted at the University of Utah by 
Clark, Kadisch, and Grow (ref. 1). They found that atomic copper spectral 
lines are the predominant feature of the flash obtained from impacting copper 
spheres into copper targets at a velocity of 2.2 km/sec in an atmosphere of 
argon at a pressure of 60 torr. In an atmosphere of hydrogen at a pressure of 
635 torr, however, the line structure is not detectable, and the flash is dim- 
mer by at least two orders of magnitude. Clark concluded that impact flash 
results primarily from the collisions between spray particles ejected from the 
crater and the surrounding atmosphere, and thus presented a qualitative theo- 
retical explanation for the above observations (see Theoretical Considera- 
tions). On the other hand, Gehring and Sieck (ref. 2) studied the flash from 
the impact of nylon spheres with sand targets at velocities of 2.1, 2.6, and 
3.1 km/sec, and found, in tests with air at pressures from 4~10-~ to 80 torr 
and with helium at pressures of 4 to 76 torr, no apparent significant effect 
of the composition or the pressure of the gas surrounding the area of impact 
on the magnitude of the impact flash. 



The present investigation received its initial impetus from a proposal, 
by Dr. John O’Keefe of Goddard Space Flight Center, to drop a mass on the dark 
side of the moon, observe the spectrum of the flash produced on impact and so 
determine the chemical constitution of the lunar surface. Clearly, if an 
impact takes place at the surface of the moon, which is thought to have an 
atmospheric pressure of less than lo-’ torr (ref. 3), or in the near vacuum 
environment of space, the atmospheric dependency of flash may be the critical 
factor in determining whether sufficient radiation for detection is produced. 
Therefore, the present investigation of the mechanism of flash resulting from 
hypervelocity impact was undertaken. 

Presented are experimental data on the initial rate of increase of lumi- 
nosity and spectrum of radiation due to the impact of aluminum projectiles 
into aluminum and basalt rock targets in air, nitrogen, and a mixture of the 
two, at low ambient pressures and at a nominal impact velocity of 2.5 km/sec. 
This velocity is approximately the lunar escape speed and the proposed impact 
velocity of the Ranger rocket on the moon. Also discussed in this report are 
two proposed mechanisms for impact flash: first, the radiation produced by 
ejecta interacting with the atmosphere at low ambient pressures in the same 
manner as meteors in the free molecule regime (for which the ejecta particle 
size is much less than the mean free path of the atmospheric particles), and 
second, the radiation resulting from the mechanism of cratering (which is 
independent of the atmosphere). 

THEORETICAL CONSIDERATIONS 

Description of Possible Flash-Producing Mechanisms 

The spectrum of a self-luminous event will, in general, consist of line 
spectra emitted by atoms, band spectra emitted by molecules, and a continuum 
emitted either from the hot surfaces of liquids and solids or from the accel- 
eration or capture of charged particles. In an impact event, all of these 
kinds of spectra may be expected to be present. 

For the emission of line and band spectra, the atoms and molecules from 
which the radiation emanates must be free; that is, they must be in the vapor 
state. In impact, atoms and molecules from the target and projectile material 
may be vaporized by the cratering process alone or by the aerodynamic heating 
of material ejected from the crater. The vaporized atoms and molecules can 
be excited by absorbing radiation or by collision with other atoms or mole- 
cules, either in the ambient atmosphere or in the shock heated impact region 
itself. Energy leading to excited vibrational and electronic states can be 
accepted by the atom or molecule only in discrete quantities or quanta. The 
excited atom or molecule will then naturally decay in about second to a 
lower state by the emission of a photon unless it collides in the meantime 
with another particle which may stimulate emission or take away energy. 

Continuum radiation will result from the shock heated projectile and tar- 
get material and from the aerodynamic heating of ejecta. Another source of 
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r ad ia t ion  i s  chemical combination. 
which undergo hea t ing  a r e  capable of burning i n  the  atmosphere i n  which the  
impact takes  place.  

This i s  p a r t i c u l a r l y  t r u e  if the  mater ia l s  

Threshold Veloci ty  f o r  Exci ta t ion  of  Atoms by Co l l i s ions  

The primary process of e x c i t a t i o n  of atoms and molecules i s  by c o l l i s i o n  
with o the r  p a r t i c l e s .  
mass ml and m,, from which a photon of energy hv may be emitted.  L e t  par-  
t i c l e  2 be i n i t i a l l y  a t  rest and p a r t i c l e  1 have t h e  v e l o c i t y  V. The equa- 
t i o n s  f o r  t h e  conservation of energy and mmentum are 

L e t  us consider a c o l l i s i o n  between two p a r t i c l e s  of 

m,v = mlTl + m2T2 + (hv/c)E 

where v1 and v2 a r e  t h e  respec t ive  p a r t i c l e  v e l o c i t i e s  a f t e r  s c a t t e r i n g  and 
emission, h is  Planck 's  constant ,  v t h e  frequency of t h e  emit ted r ad ia t ion ,  
and c the  v e l o c i t y  of l i g h t .  The ba r s  i n  the momentum equation ind ica t e  vec- 
t o r s  and I; i s  a u n i t  vec tor  i n  t h e  d i r ec t ion  of propagation of the  photon. 
Solving these  f o r  a minimum V, f o r  a photon o f  frequency 
the  rest frame of t h e  emi t t ing  atom) t o  be emitted, we a r r i v e  a t  a threshold  
equat ion f o r  t h e  r e l a t i v e  v e l o c i t y  between the two p a r t i c l e s .  

v0 ( i n  r e l a t i o n  t o  

2(m1 + m2)hv0 + (hv, / c ) ~  
m1m2 

The fol lowing t a b l e  contains values  of  Vmin computed from t h i s  equation. 
For each value,  p a r t i c l e  1 is an aluminum atom and 
a t i o n  emit ted by an aluminum atom when an e lec t ron  jymps from i t s  f i rs t  exc i ted  
s t a t e  t o  the  ground s t a t e ,  is  7. 57x101* see-' (3962 A ) .  

y o ,  t h e  frequency of  r a d i -  

b i n ,  
P a r t i c l e  2 km/sec 

Lead atom 5.0 
Aluminum atom 6.7 

Nitrogen molecule 6.6 
Argon atom 6.1 

H e l i u m  atom 13.2 
Hydrogen molecule 17-9 
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I n  an impact event,  atomic and molecular c o l l i s i o n s  of t he  type j u s t  con- 
(1) i n  the  shocked impact reg ion  of t h e  s idered  may take place i n  two regions: 

t a r g e t  and p r o j e c t i l e  and (2 )  i n  the  ambient atmosphere. 

The f i r s t  region i s  formed on impact as shock waves are sen t  i n t o  both 
the  t a rge t  and p r o j e c t i l e  from t h e i r  impact i n t e r f ace ,  l eav ing  the  material 
behind the advancing shock waves i n  a s ta te  of high pressure and temperature. 
To give meaning t o  the  t a b l e  consider an aluminum atom o r i g i n a l l y  i n  the  pro- 
j e c t i l e  and now engulfed i n  t h i s  shocked region.  This atom w i l l  c o l l i d e  with 
l i k e  aluminum atoms of t he  p r o j e c t i l e  and a l so ,  if  o r i g i n a l l y  s i t u a t e d  near  the  
impacting surface,  may c o l l i d e  with atoms o r  molecules of the  t a r g e t .  For t he  
former case the  t a b l e  shows t h a t  the  Vmin requi red  f o r  e x c i t a t i o n  of the  a lu-  
minum atom is  6.7 km/sec and f o r  the  l a t t e r ,  i f  the  t a r g e t  i s  f o r  example,lead, 
Vmin i s  5 .0  km/sec. The impact process i s  not  w e l l  understood, and t h e  the r -  
modynamic proper t ies  of materials under high pressures  are not  f u l l y  known, so 
atomic and molecular co l l i s ions  producing exc i ted  e l ec t ron  s ta tes  may occur 
wi th in  t h i s  region even though t h e  impacting v e l o c i t y  i s  less than the  Vmin 
required f o r  t he  materials involved. 

I n  the  second region,  t h e  ambient atmosphere, c o l l i s i o n s  w i l l  take place 
between the  atmospheric p a r t i c l e s  and atoms and molecules e j ec t ed  from the  
c r a t e r ,  o r  vaporized from e jec t ed  mater ia l .  If p a r t  of the  e j e c t a  have veloc- 
i t i e s  equal t o  or grea te r  than the  
should r e s u l t .  The t ab le  shows t h a t  t h i s  r ad ia t ion  should depend upon atmos- 
pheric  composition (C la rk ' s  r e s u l t ) .  An e f f e c t  of atmospheric pressure  can 
a l s o  be an t ic ipa ted .  If a l l  va r i ab le s  except atmospheric pressure are he ld  
constant,  higher ambient pressure and therefore  dens i ty  should r e s u l t  i n  more 
frequent atomic c o l l i s i o n s  and, hence, i n  a compressed time s c a l e  f o r  the 
impact f l a s h  and a correspondingly higher rate of increase  of luminosity.  
Information i s  ava i l ab le  on the  v e l o c i t i e s  of d i sc re t e - s i zed  p a r t i c l e s  i n  t h e  
e j e c t a  a s  cont ras ted  t o  atomic p a r t i c l e s .  This information may, however, i nd i -  
ca te  the magnitude of t h e  atomic and molecular v e l o c i t i e s  as w e l l .  

Vmi, f o r  the  p a r t i c l e s  involved, r ad ia t ion  

Veloc i t ies  of Ejec ta  

A small percentage of the  t o t a l  e jecta  from a c r a t e r  has been observed t o  
have v e l o c i t i e s  g rea t e r  than the  impact speed ( r e f .  4 ) .  This high-speed m a t -  
t e r  i s  assoc ia ted  with the  j e t t i n g  observed during the  explosive co l lapse  of a 
conical l i n e r  of a shaped charge, t h e  c o l l i s i o n  of two p l a t e s ,  and the  impact 
of conical-faced p r o j e c t i l e s  i n t o  plane t a r g e t s  ( refs .  5,  6, and 7 ) .  The con- 
d i t i o n  f o r  t h e  release of a j e t  i s  dependent on the  impact ve loc i ty ,  the  angle 
between the  co l l i d ing  sur faces ,  and the  proper t ies  of t he  materials. For an 
aluminum sphere impacting an aluminum p l a t e  a t  a v e l o c i t y  of 2 .5  km/sec, from 
f igu re  14 o f  reference 6, j e t t i n g  should occur during penet ra t ion  of t he  t a r -  
g e t  by the  sphere when the  angle,  e, between a plane tangent t o  the  sphere and 
the  t a r g e t  surface,  a t  a poin t  on the  instantaneous l i n e  of contact  of projec-  
t i l e  and t a r g e t  reaches the  c r i t i c a l  angle  of 28'. Reference 2 gives  a theo- 

+ c0s(e/2),  where Vp i s  the  'P s in (e /2 )  r e t i c a l  equation f o r  t h e  j e t  v e l o c i t y  of 
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p r o j e c t i l e  ve loc i ty .  Experimental r e s u l t s  ( r e f .  6) show t h a t  j e t  v e l o c i t i e s  a t  
~ values of 8 near the c r i t i c a l  angle a re  l o w e r  than t h a t  indicated by the  the-  
l o r e t i c a l  formula. The v e l o c i t y  of the  j e t  V j  must, however, be g r e a t e r  than 
~ t h a t  of t he  l i n e  of contact or Therefore we have an upper and lower 

bound for the  v e l o c i t y  of the j e t .  
the  two formulas gives 4.7 lan/sec < Vj < 20.4 km/sec. These v e l o c i t i e s  a r e  i n  j the  range of those given i n  the  above tab le .  It i s  therefore  expected t h a t  

l atomic r a d i a t i o n  due t o  co l l i s ions  between e j e c t a  atoms and atmospheric atoms 
i could occur. Note, f o r  example, t h a t  f o r  the case of an aluminum e j e c t a  atom 

and a ni t rogen m l e c u l e ,  the  required veloci ty ,  6.6 km/sec, i s  only s l i g h t l y  
g r e a t e r  than the  minimum possible  v e l o c i t y  of  t he  j e t .  

Vp/tan 8. 
The value of 8, 28O, when s u b s t i t u t e d  i n  

I 

DESCRIPTION OF APPARATUS 

I The apparatus ( f i g .  1) consis ted of a gun, a t e s t  range, and associated 
instrumentation. A commercial 220 S w i f t  sport ing r i f l e  was used to f i r e  sabot- 
mounted, 1/8-inch-diameter aluminum spheres a t  a v e l o c i t y  of 2 .5  lm/sec. 
sabot-mounted model w a s  f i r e d  i n t o  a b l a s t  tank containing gas a t  pressures  of 
about 400 t o r r ,  where the  sabot and powder gases were stopped. The range con- 
s i s t e d  of an impact chamber, llxll cm i n  cross sec t ion  and a 3-meter length  of 
s t a i n l e s s  s t e e l  pipe connecting the  chamber t o  the b l a s t  tank. A 1/2-mil-mylar 
diaphragm between the  b l a s t  tank and s t e e l  pipe separated the  range from the 
b l a s t  tank. The diaphragm w a s  s u f f i c i e n t  t o  maintain the  pressure difference 
of 400 torr and ye t  not  f r ac tu re  the  penetrat ing model. The 3-meter length  of 
pipe prevented the  b las t - tank  gases from reaching the  tes t  chamber u n t i l  a f t e r  
t he  luminosity measurements had been made. The tes t  region could be evacuated 

1 t o  t o r r  with a 4-inch o i l  d i f fus ion  pump. The pressure w a s  measured with 
a McLeod type gage The inside of the  impact chamber was blackened t o  reduce 
r e f l e c t e d  l i g h t .  The time v a r i a t i o n  of luminous i n t e n s i t y  of the f l a s h  w a s  
measured with a DuMont 6292 photomultiplier tube, This tube i s  sens i t i ve  t o  
r a d i a t i o n  between the  wavelengths 3500 and 5500 A, or approximately half  the  
v i s i b l e  spectrum. The absolute s p e c t r a l  response of the  e n t i r e  o p t i c a l  t r a i n  
w a s  measured using a ribbon fi lament lamp, ca l ibra ted  by the  National Bureau of 
Standards, and a g r a t i n g  monochrometer. The photomultiplier tube, together  ' with a c a l i b r a t e d  n e u t r a l  densi ty  f i l t e r ,  was arranged as a "pinhole camera" 
( f i g .  2) with the  o p t i c a l  axis i n  the plane o f  the  t a r g e t  surface.  

1 i n  the t e s t  chamber viewed by the system contained a l l  points  within approxi- 
l mately 4 centimeters,  and uprange, of the op t i ca l  axis. The phototube output 

was recorded on two osci l loscopes which provided time axes. One osci l loscope ' w a s  t r iggered  by the model as it broke a thread of s i l v e r  painted on the  mylar 
diaphragm. This osci l loscope recorded peak luminosity and an accurate  measure- 

j e c t i l e  v e l o c i t y  was calculated.  The second osci l loscope,  t r iggered  i n t e r n a l l y  
by the  f l a s h  and sweeping a t  a much f a s t e r  r a t e ,  measured the v a r i a t i o n  of 
luminosity with time. On several  rounds the spec t ra  were recorded with a Huet 
model C I  spegtrograph which h2d a camerG l ens  aper ture  0% f/O.7 and a disper-  
s ion  of 150 A per mm a t  4350 A and 500 A per mm a t  5500 A. 

i 
1 ' 
1 

The 

I 

' 

I The volume 

I 

I ment of the  time between rupture  of the  diaphragm and impact, from which pro- 
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RESULTS 

I n  order t o  determine t h e  e f f e c t  of r ad ia t ion  from the  combustion of 
aluminum, two rounds were f i r e d  a t  t he  o u t s e t  of t h i s  inves t iga t ion  - one i n  
a i r  and the  o ther  i n  nitrogen, a t  pressures  of 400 t o r r .  The spec t ra  recorded 
were found t o  be d i f f e r e n t .  Those f o r  a i r  contained in tense  bands of aluminum 
oxide while those f o r  ni t rogen d i d  not .  Since t h i s  r ad ia t ion  does not  occur i n  
chemically i n e r t  atmospheres and s ince  it tended t o  obscure o ther  e f f e c t s  of 
i n t e r e s t ,  an attempt was made i n  the  following tes ts  t o  keep it t o  a minimum. 
However, it i s  of i n t e r e s t  t h a t  chemical r eac t ions  can indeed cont r ibu te  impor- 
t a n t l y  to  the  f l a s h  of impact. 

, 

I 
I 

I 

After t h i s  w a s  observed the  range w a s  purged with ni t rogen before  each 
t e s t  and then pumped t o  the  des i red  pressure.  A t  the  lowest pressures ,  those 
a t  about t o r r ,  the  pressure and t h e  increase of pressure each minute due 
t o  leaks were comparable. Pumping t i m e s  f o r  these pressures  ran severa l  hours, 
and therefore  the  composition of the gas w a s  s u b s t a n t i a l l y  the  same as t h a t  
which leaked i n t o  the  system, o r  a i r .  A t  t h e  higher pressures  of t h i s  series 
of t e s t s ,  those near 2x10-1 t o r r ,  t he  composition should d i f f e r  from t h a t  of 
a i r  due t o  the higher pressure i n  comparison with the  l e a k  ra te  and the  sho r t e r  
pumping time required t o  achieve the  des i red  pressure.  Thus the  percentage of 
oxygen is bel ieved t o  decrease with increas ing  pressure although the  t o t a l  
amount should increase.  

Luminosity Studies  

It i s  emphasized t h a t  t he  luminosi ty  measurements refer t o  r ad ia t ion  
between t h e  wavelengths 3500 and 5500 A from a s m a l l  volume about t he  impact 
po in t .  The luminosi ty  measurements were a l l  made of the  f l a s h  produced by 
impacting 1/8-inch-diameter aluminum spheres i n t o  aluminum t a r g e t s  a t  a veloc- 
i t y  of 2.5 km/sec. Figure 3 shows two osci l loscope t r a c e s  of t he  v a r i a t i o n  of 
luminosity of the  impact f l a s h  wi th  time produced a t  ambient pressures  of 
1.6~10-3 t o r r  and 8x10-~ t o r r .  
double peaked, while a t  8 x 1 0 - ~  t o r r  t he  luminosity of the  second peak i s  near ly  
masked by the  primary f l a s h .  A t  t he  highest  t e s t  pressure the  secondary rad ia-  
t i o n  appears t o  be suppressed re la t ive t o  the  peak. Figure 4 i s  a log-log p l o t  
of the  i n i t i a l  rate of increase of luminosi ty  i n  w a t t s  per 45( 
microsecond, as measured from the  i n i t i a l  s lope of the  luminosity-time curve on 
the  osci l loscope t r aces  versus ambient pressure.  The onset  of r ad ia t ion  i s  
reported here because the  e f f e c t s  of confining the  t e s t  i n  a small volume may 
change the  measurement of peak i n t e n s i t y  and t o t a l  r ad ia t ed  energy. 
which covers a range of pressures  from 4x10-* t o  2~10-l t o r r  shows t h a t  the  
onse t  rate of luminosity v a r i e s  approximately as the  cube root  of t he  ambient 
pressure.  The primary r ad ia t ion  f o r  each t r a c e  was observed t o  have a peak 
i n t e n s i t y  which var ied  d i r e c t l y  as t h e  onse t  rate and occurred a t  about 2 
microseconds a f te r  the  i n i t i a t i o n  of f l a s h ,  a durat ion ( t h e  t i m e  from i n i t i a -  
t i o n  t o  the  decay of one-half peak value)  of approximately 5 microseconds, and 
a similar shape. Hence, t he  energy of primary r ad ia t ion ,  as ca lcu la ted  from 

The impact f l a s h  a t  1 . 6 ~ 1 0 - 3  t o r r  i s  c l e a r l y  

s te rad ians  per  

This p l o t  
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t h e  a rea  beneath the  luminosity-time curve, is proport ional  t o  the onset r a t e .  
The energy of primary r a d i a t i o n  is  of the order of lo3 ergs  a t  
about one mi l l ion th  of the  p r o j e c t i l e  k ine t i c  energy. 

t o r r  or 

Spectrographic Studies 

Since the  proposed lunar  appl ica t ion  of the impact f l a s h  phenomenon tes t  , results rests on the  ana lys i s  of spec t ra ,  several  tests were recorded with a 
conventional v i s i b l e - l i g h t  spectrograph. 

I 

I 

Figure 5 shows s i x  densitometer t r aces  of spec t ra  obtained from impact 
f l a s h .  For each t r ace  the  p r o j e c t i l e  was aluminum and the impact v e l o c i t y  w a s  
a nominal 2.5 km/sec. These t r aces  are qua l i t a t ive  i n  nature and a comparison 
of r e l a t i v e  i n t e n s i t i e s  between d i f f e r e n t  t races  should not be attempted. 
Traces ( a )  and (b )  i l l u s t r a t e  the  e f f e c t  of chemical combination. The t a r g e t s  
f o r  both t r a c e s  were aluminum and the ambient pressure w a s  400 t o r r .  
(a)  the ambient atmosphere was a i r  and t h a t  fo r  t r a c e  (5) was nitrogen. 
s i g n i f i c a n t  difference between the  two t races  i s  the appearance of s t rong  a lu-  
minum oxide bands i n  t r a c e  (a) and the  absence of them i n  t r a c e  (b )  . 
( c )  i s  f o r  an aluminum t a r g e t  coated with sodium s i l i c a t e  and an ambient pres- 
sure  of &l$)-" t o r r .  
about 5890 A. 
wavelength f o r  r a d i a t i o n  from exci ted  aluminum atoms. The presence of these  
l a t te r  l i n e s  ind ica tes  a number of co l l i s ions  a t  v e l o c i t i e s  g rea t e r  than the  
threshold of 6.6 km/sec (roughly 2.6 times the impact ve loc i ty ) .  For t r a c e s  
( d )  and (e)  the  t a r g e t  w a s  aluminum without sodium s i l i c a t e  and the  ambient 
pressure was l.a<lO-3 t o r r  and 2.2X10-1 t o r r .  
the  predominant f ea tu re s  are the two l i n e ?  of aluminum a t  3944 and 3962 A. 
Manganese l i n e  s tu rc tu re  i s  seen a t  4034 A along with sodium (not  d i s t inguish-  
able  i n  t r a c e  ( e ) ) .  Bands cons is ten t  with those expected f o r  aluminum oxide 
a re  a l s o  present .  Manganese i s  found by chemical ana lys i s  t o  be present i n  the 
aluminum a l loys  of both the  t a r g e t  and p ro jec t i l e  and, a l so ,  i n  t he  steel  of 

, the  impact chamber; sodium, a contaminant, i s  found on almost everything and 
aluminum oxide i s  found on the  surfaces  of both the  t a r g e t  and p r o j e c t i l e .  
Basalt rock was the  t a r g e t  f o r  t r a c e  ( f )  andothe ambient pressure was 2XlO-l 
t o r r .  The l i n e s  of sodium, calcium a t  4227 A, and aluminum and the  bands of 
aluminum oxide are detectable .  Sodium, aluminum, and calcium ( a l s o  an excep- 
t i o n a l  r a d i a t o r )  are found i n  b a s a l t  as oxides, i n  addi t ion  t o  which aluminum 

For t r a c e  
The 

Trace 

The predominant fea ture  i s  the  atomic sodium D doublet a t  
Two l i n e s  are a l s o  detectable  a t  about 3950 A, the  approximate 

I Both t r a c e s  are very simi4ar and 
I 

l w a s ,  as noted, t he  material of the  p ro jec t i l e .  

DISCUSSION 

It i s  obvious from t r aces  (a)  and ( b )  of f i gu re  5 t h a t  a t  pressures  of 
about 400 t o r r  the  spectrum of impact f l a s h  depends on t h e  composition of t he  
ambient gas.  It i s  a l s o  seen, a t  t he  low ambient pressures  of the  present  
t e s t s ,  from t r aces  ( d )  and (e)  t h a t ,  with the exception of t h e  sodium doublet 
which undoubtedly r e s u l t e d  from sa l t  l e f t  on the p r o j e c t i l e s  and t a r g e t s  during 



handling, t he  spec t ra  produced i n  atmospheres d i f f e r i n g  i n  composition and 
pressure a r e  very similar. This i nd ica t e s  t h a t ,  a t  the  low ambient pressures  
over which the luminosity measurements were made, the  impact f l a s h  mechanism 
does not vary s ign i f i can t ly .  Although the  s p e c t r a l  qua l i t y ,  a t  low ambient 
pressures,  i s  invar ian t ,  it i s  seen from f i g u r e  4 t h a t  t h e  r i s e  ra te  of lumi- 
nos i ty  changes almost one order  of magnitude as the  ambient pressure changes by 
almost three.  Thus, it i s  c l e a r  t h a t  our measurements of luminosi ty  depend on 
the  atmosphere, but  it s t i l l  cannot be s a i d  t h a t  the  mechanism producing f l a s h  
requires  the  presence of an atmosphere. If the  primary source of luminosi ty  i s  
s o l e l y  the c ra te r ing  mechanism, the  number and v e l o c i t i e s  of exc i t ed  vaporized 
atoms and molecules, as w e l l  as the  s i z e ,  ve loc i ty ,  and temperature d i s t r i b u -  
t i o n  of e j e c t a  produced, w i l l  be independent of the  atmosphere. The atmosphere 
may, however, hinder these r a d i a t i n g  p a r t i c l e s  leav ing  the  f i e l d  of view of the  
measuring photomultiplier tube. 

Three physical models may be proposed t o  explain the  observed f l a s h :  
(1) Excited atoms and molecules a re  e j ec t ed  from the  c r a t e r .  
p a r t i c l e s  are r a i sed  t o  energe t ic  states s o l e l y  by compression and shear ing i n  
the  process of c r a t e r  formation. 
heated during c ra te r ing ,  emerge from the  c r a t e r  and r a d i a t e  thermally as they 
move away from the impact po in t .  
from the c r a t e r  and, by v i r t u e  of high-speed f l i g h t  through the  surrounding 
atmosphere, hea t ,  ab l a t e ,  and r a d i a t e  i n  the  manner of meteors. The r ad ia t ion  
of the  f i r s t  two models depends d i r e c t l y  upon the  c ra t e r ing  mechanism and would 
be produced i n  the  absence of an atmosphere. The r a d i a t i o n  of the  t h i r d  model 
depends only i n d i r e c t l y  upon the c ra t e r ing  mechanism and d i r e c t l y  upon the  
atmosphere. For t h i s  model, e j e c t a  k i n e t i c  energy received through c ra t e r ing  
i s  converted t o  heat  and rad ian t  energy through the  i n t e r a c t i o n  with t h e  
atmosphere. 

These exc i t ed  

( 2 )  Hot  microscopic p a r t i c l e s  of e j e c t a ,  

(3)  Microscopic p a r t i c l e s  of e j e c t a  emerge 

For the  f i r s t  model t o  account f o r  t he  observed pressure dependence of the  
f l a s h ,  the energy and therefore  the  number of atoms and molecules which l o s e  
exc i t a t ion  by r ad ia t ive  emission wi th in  the  f i e l d  of view must change almost 
one order of magnitude between the  lowest and highest  t e s t  pressures .  Two 
mechanisms by which t h i s  can occur can be postulated:  ( a )  nonradiat ive decay 
of the exc i ted  atoms and molecules (by c o l l i s i o n  processes) ;  (b )  e x i t  of 
exci ted p a r t i c l e s  from the  f i e l d  of view before  they  have t i m e  t o  decay. The 
f i r s t  mechanism should l ead  t o  a reduct ion i n  r a d i a t i v e  i n t e n s i t y  wi th  increas-  
ing  pressure which i s  opposite t o  what has been observed and therefore  must be 
re jec ted .  For the  second, exc i ted  e l e c t r o n i c  states, which e m i t  v i s i b l e  rad ia-  
t i o n  upon decay, have a mean l i f e  of about second. I n  order  t h a t  t h e  
majority of exc i ted  p a r t i c l e s  leave the  f i e l d  of view a t  a f l i g h t  d i s tance  of 
4 em before decay, they would have t o  t r a v e l  a t  about 4 ~ 1 0 ~  km/sec t o  show the  
observed pressure dependence. This speed i s  about one hundred times a s  fas t  as 
the  f a s t e s t  predicted j e t t i n g  speed. We must, therefore ,  r e j e c t  the  f i r s t  
model - exc i t a t ion  of atomic s t a t e s  by the  primary impact process.  

For the second model, i t  may be argued t h a t  microscopic pieces  of pre-  
heated e j e c t a  r ad ia t ing  thermally,  which have a much longer  mean l i f e  than do 
individual  exc i ted  atoms, can account f o r  the  observed f l a s h .  The increase of 
energy observed with increasing ambient Fressure might then be explained by the  
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I increased amount of t i m e  spent by the  hot  rad ia t ing  e j e c t a  within the  f i e l d  of 
view because of atmospheric drag. 
r a d i a t i o n  r e l a t i v e  t o  l i n e  r ad ia t ion  should have increased with increasing 
ambient pressure.  Such an increase is ,  i n  f a c t ,  shown by comparison of f i g u r e  

l 5(b)  with 5 ( c ) ,  ( a ) ,  o r  ( e ) .  However, a t  pressures from 0.2 t o  0.0008 t o r r ,  no 
I f u r t h e r  l a r g e  reduct ion i n  magnitude of the  continuum r e l a t i v e  t o  the  l i n e s  and 

bands i s  observed, and t h e  continuous rad ia t ion  is ,  i n  f a c t ,  a t  a much lower i l e v e l  than l i n e  and band r ad ia t ion  from a t o m  and molecules. Hence, f o r  t h e  
pressure range below 0.2 t o r r ,  t he  second model, r ad ia t ion  from high tempera- ' t u r e  p a r t i c l e s  of l i q u i d  o r  s o l i d  e j ec t a ,  does not  appear t o  predominate. 

I n  t h i s  event t he  proportion of continuum 

I Fur ther  evidence t h a t  t he  continuum radia t ion  from hot  p a r t i c l e s  i s  not  
t he  predominant mechanism i s  obtained from consideration of t he  observed f l a s h  
durat ion and i t s  independence of pressure.  Now i f  the  luminosity increases  
with increasing ambient pressure because the p a r t i c l e s  are slowed down by 
atmospheric drag and s t a y  longer i n  the  f i e l d  of view, then the  measured dura- 
t i o n  should become longer,  but  t h i s  i s  not observed. The constant durat ion 
might be explained i f  the  p a r t i c l e  ve loc i t i e s  w e r e  so  high t h a t  the  s t a y  t i m e  
- i n  t he  f i e l d  of view were shor t  a t  a l l  ambiSent pressui-es compared TO t'ne dura- 
t i o n  of t he  c ra t e r ing  mechanism producing luminous p a r t i c l e s .  The p a r t i c l e  
ve loc i ty  reqdl red  t o  f u l f i l l  t h i s  condi t ion is  about 80 km/sec, an unreasonably ' high ve loc i ty .  Furthermore, if  the  p a r t i c l e  v e l o c i t i e s  w e r e  t h a t  high, t he  

I p a r t i c l e s  would i n t e r a c t  with t h e  surrounding atmosphere i n  the  manner of small 
meteors and hence would f u l f i l l  the  requirements of t he  t h i r d  model process.  

The t h i r d  model, t h e  in t e rac t ion  of high-speed matter e j ec t ed  from the  
c r a t e r  wi th  t h e  atmosphere, can c l e a r l y  account f o r  the  change i n  r ise ra te  
with pressure.  For t h i s  model t o  account f o r  t h e  remaining observations,  
namely the  second peaks on the osci l loscope t r a c e s  and the  time invariance of 
occurrence o f  the  second and primary peaks, conditions of s i z e  and v e l o c i t y  are 
imposed upon the  e j e c t a .  The soundness of these conditions then serve as a 
check on the  v a l i d i t y  of t h i s  model. 

The second peaks on the  osci l loscope t races  are explained as r e s u l t i n g  
from the  impact of the  high-speed e j e c t a  with t h e  w a l l s  of t he  impact chamber. 
The t i m e  between t h e  i n i t i a t i o n  of t he  impact f l a s h  and the  s t a r t  of t he  second 
peak is  about 5 o r  6 microseconds. 

f i rs t  s t r i k e  the chamber w a l l s  would be a t  l e a s t  about 8 km/sec. 
of t he  second peak by the  primary peak a t  high pressure can be explained by the  

i t y  and quant i ty  of e j e c t a  reaching the  chamber w a l l s  as a result  of drag and 
vaporizat ion of e j e c t a  through aerodynamic heating. The invariance of t h e  
durat ion of f l a s h  and t h e  t i m e  of occurrence of t he  second peak ind ica te  t h a t  
aerodynamic dece lera t ion  of the  p a r t i c l e s  responsible f o r  f l a s h  w a s  not  g rea t .  
This suggests t h a t  only a s m a l l  percentage of t h e  t o t a l  r ad ia t ion  possible  i n  
a l a r g e  chamber w a s  a c t u a l l y  observed. Calculations show t h a t  aerodynamic 

of view f o r  p a r t i c l e s  of r a d i i  g rea t e r  than 
d e t a i l s  of t he  ca l cu la t ions ) .  
decrease s i g n i f i e s  t h a t  more r ad ia t ing  p a r t i c l e s  leave than e n t e r  the  f i e l d  of 

The nearest  po in t  on the  w a l l s  from the  
I poin t  of impact i s  about 5 em. Thus the  average v e l o c i t y  of t he  e j e c t a  which 

I increase of primary r ad ia t ion  and, t o  a l e s s e r  degree, by the  decreased veloc- 

~ 

1 
The masking 

, , 
I dece lera t ion  a t  t he  highest  t e s t  pressures  was not  s i g n i f i c a n t  wi th in  the  f i e l d  

cm (see the  appendix f o r  
The t i m e  a t  which t h e  primary peak starts t o  

I 



view. Figure 3 shows t h i s  occurs at  approximately 2 .5  microseconds a f t e r  f l a s h  
i s  i n i t i a t e d ,  regardless  of pressure,  and ind ica t e s  a maximum p a r t i c l e  v e l o c i t y  
as high as 1 6  km/sec. 
from the secondary peak, l i e s  within the  bounds given by je t  theory.  A s  men- 
t ioned  above, pa r t i cu la t e  matter with v e l o c i t i e s  equal t o  o r  g r e a t e r  than 
8 km/sec, a t  the  ambient pressures  of these  tests,  i s  expected t o  r ad ia t e  i n  
the  same manner as slow meteors i n  the  free molecule regime. Hence, t h i s  model 
reasonably accounts f o r  a l l  of the  observed phenomena of the  present  tes ts .  

This value, together  with t h a t  of 8 km/sec, obtained 

CONCLUDING REMARKS 

I n  the present  t e s t s  the onset rate of luminosity from high-speed impact 
w a s  observed t o  depend upon the  ambient pressure of the atmosphere surrounding 
the  t a rge t .  Luminosity produced s o l e l y  by the  c r a t e r i n g  mechanism d i d  not  con- 
t r i b u t e  s i g n i f i c a n t l y  t o  the observed v a r i a t i o n  of impact f l a s h .  The magnitude 
of t h i s  luminosity contr ibut ion,  within the f i e l d  of view, i s  probably l e s s  
than or, a t  most, equal t o  t h a t  observed a t  the  lowest pressures .  The i n t e r -  
a c t i o n  of high-speed e j e c t a  with the  atmosphere, as concluded by Clark, i s  con- 
s i s t e n t  with the observed r a d i a t i o n  i n  the  present  t e s t s .  

A t  higher v e l o c i t i e s  or with d i f f e r e n t  materials, impact f l a s h  r e s u l t i n g  
s o l e l y  from the  c r a t e r i n g  rnechanism may cons t i t u t e  a s i g n i f i c a n t  quant i ty  of 
rad ia t ion .  This difference of materials may explain the  r e s u l t s  of Gehring. 
The luminosity masurements of Clark, as well  as those of t h i s  study, were made 
of a metal impacting a so l id ,  and Gehring and Sieck 's  were made on a p l a s t i c  
impacting a granular mater ia l .  I n  the  shocked impact region, the pressure,  
which i s  responsible f o r  the acce lera t ion  of e j ec t a ,  i s  expected t o  be g r e a t e r  
f o r  a metal impacting a s o l i d  than f o r  a p l a s t i c  impacting a granular t a r g e t .  
The luminosity, produced by e j e c t a  i n t e r a c t i n g  with the atmosphere, may not  
cons t i tu te  a s ign i f i can t  quant i ty  of r a d i a t i o n  i n  Gehring and Sieck ' s  t e s t s .  
Also, the f r a c t i o n  of p r o j e c t i l e  k i n e t i c  energy d i s s i p a t e d  as heat  i s  known t o  
increase r a p i d l y  with t a r g e t  poros i ty  ( r e f .  8); therefore  the p r i n c i p a l  p a r t  of 
t h e i r  measured luminosity may be produced e n t i r e l y  by the  mechanics of 
c ra te r ing .  

A t  the  l o w  ambient pressures of the  present  t e s t s  the  observed spec t ra  
contain l i n e  and band f e a t u r e s  cons is ten t  with the  elements known t o  be present .  

h s  Research Center 
National Aeronautics and Space Administration 

Moffett Field,  C a l i f . ,  Dee. 6, 1963 
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APPENDIX 

CALCULATION OF PARTICLE SIZF: FOR WHICH AERODYNAMIC DECELERATION 

IN THE FIiEE M0I;ECULE F43GIME IS SIGNIFICANT 

The equations of motion and ab la t ion  of a meteoric body are (refs. 9 and 

where 

CD drag coe f f i c i en t  

J hea t  of ab la t ion ,  ( 

r rad ius  of body 

t t i m e  

V v e l o c i t y  of body 

7 f r a c t i o n  of body . 

i n  body 

3r amount of heat requi red  t o  ablate a u n i t  mass 

~ e t i c  energy l o s t  per  u n i t  time which appears a s  heat  

P atmospheric dens i ty  

Pm 

( )o 

dens i ty  of body 

value a t  t = o 

Combining the  two equations we have 
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A t  constant p, 7 and CD are constant  and therefore  

Expanding e (?/12J)v2 as a power series,  w e  have 

Integrat ing,  we have 

1 ( ~ / 1 2 J ) ~  ( V:m-l - V2m-1 ) 

where T i s  the  t i m e ,  i n  terms of a convergent s e r i e s ,  f o r  t he  v e l o c i t y  t o  
decelerate  from Vo t o  V. 

For an aluminum body, of rad ius  ro, moving i n  the  free molecule regime 
with ve loc i ty  Vo, i n  an ambient a i r  atmosphere of  pressure 2XlO-l t o r r ,  

CD = 2 

gm 
em3 

p, = 2.7 - 

7 = a t  most, 1 

p = 3.4~10 -7 gm 
em3 
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Taking as the  heat  of a b l a t i o n  of  aluminum, i ts  heat of vaporization, '  one has i 

Defining a s ign i f i can t  v e l o c i t y  decrease as one-tenth i t s  i n i t i a l  value ' V = (9/10)V0, we can solve f o r  T, the  t i m e  f o r  t h i s  t o  occur, i n  terms of ro, 

f o r  V, = 10 km/sec 

4 ,  I =  cm 1 . 6  - 
sec 

f o r  V, = 20 km/sec 
ro cm 

cm 
sec 

T =  
2.4 - 

I The maximum time ava i lab le ,  f o r  such a v e l o c i t y  decrease t o  be observed, 
i s  of the  order of the durat ion of f l a s h ,  or 5 microseconds. Hence, bodies of 
i n i t i a l  radius  ro f o r  which 

1 , and 

ro > 8x10-~cm , f o r  V, = 10 &/see 

ro > , f o r  v0 = 20 km/sec 

w i l l  no t  dece lera te  s i g n i f i c a n t l y  during the t i m e  of observation. 

'J should a l so  include CpdT; hence, the value of J reported i s  a 

minimum value.  
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Figure 5.- Densitometer traces. 


